Abstract Investigations of the Greenland ice sheet's subglacial hydrological system show that the connectivity of different regions of the system influences how the glacier velocity responds to variations in surface melting. Here we examine whether subglacial water flow paths can be rerouted beneath three outlet glaciers in the ablation zone of western Greenland. We use Lamont-Doherty and Center for Remote Sensing of Ice Sheets of University of Kansas (CReSIS) ice-penetrating radar data to create a new ice thickness map. We then use a simple subglacial water flow model to examine whether flow paths can be rerouted and identify the topographic conditions that are sensitive to subglacial rerouting. By varying water pressures within an observationally constrained range, we show that moderate changes in pressure can cause flow paths to reroute and exchange water from one subglacial catchment to another. Flow across subglacial overdeepenings is particularly sensitive to rerouting. These areas have low hydraulic gradients driving flow, so subtle water pressure variations have a strong influence on water flow direction. Based on correlations between water flow paths and ice velocity changes, we infer that water piracy between neighboring catchments can result in a different spatial pattern of hydrologically induced ice velocity speedup depending on the amount and timing of surface melt. The potential for subglacial water to reroute across different catchments suggests that multiple hydrographs from neighboring glaciers are likely necessary to accurately ascertain melt budgets from proglacial point measurements. The relationship between surface runoff, ice dynamics, and proglacial discharge can be altered by rerouting of subglacial water flow within and across outlet glaciers.
Introduction
The Greenland ice sheet has been losing mass at an increasing rate over the last several decades and currently contributes 0.7-1.1 mm yr À1 to global sea level rise [Shepherd et al., 2012; Intergovernmental Panel on Climate Change, 2013; Khan et al., 2014] . The mass loss is due to a combination of negative surface mass balance Box and Colgan, 2013; Hanna et al., 2013] and the increased ice discharge across grounding lines associated with faster ice flow velocities [Rignot and Kanagaratnam, 2006; Joughin et al., 2008; van den Broeke et al., 2009] . One of the mechanisms that can cause variability in ice flow velocity is through lubrication at the base of the ice sheet as melt water penetrates to the bed from the surface [Zwally et al., 2002; Bartholomaus et al., 2008; Das et al., 2008; Bartholomew et al., 2010 Bartholomew et al., , 2012 Pimentel and Flowers, 2010; Schoof, 2010] . Changes in basal lubrication cause daily and seasonal variations in flow velocity Hoffman et al., 2011; Sole et al., 2011; Sundal et al., 2011; Bartholomew et al., 2012; Hewitt, 2013] . However, it is uncertain how significant the seasonal speedup events are to the overall mass loss of the glaciers, and what controls the response of different glaciers to a similar increase in surface melting.
Theoretical and observational studies have suggested that the response of glaciers to surface melting is largely determined by the evolution of the subglacial hydrological system [Iken and Bindschadler, 1986; Bartholomaus et al., 2008; van de Wal et al., 2008; Bartholomew et al., 2010; Schoof, 2010; Sundal et al., 2011] . The transition between a slow, inefficient subglacial system and a fast, efficient system can result in a different velocity response to the same supply of meltwater from the ice surface. Following the examples of mountain glaciers, the structure of the Greenland subglacial hydrological system is thought to evolve between the slow and fast forms in response to seasonal and daily variations in meltwater input [Mair et al., 2002; Bingham et al., 2005; Bartholomaus et al., 2008] . During winter, with little input of surface meltwater, the drainage flow paths are restricted and poorly connected, yielding inefficient water transport. In spring, when surface meltwater reaches the bed, the inefficient system is unable to cope with the input leading to higher water pressures. The elevated pressures reduce the contact area between the ice and bedrock causing increased sliding and elevated ice flow velocities [Iken, 1981; Iken and Bindschadler, 1986] . Sliding allows the CHU ET AL. SUBGLACIAL FLOW REROUTING IN GREENLAND 1 subglacial flow paths to connect. The subglacial flow paths eventually channelize as increased water flow melts the overlying ice along the pathways [Rothlisberger, 1972; van de Wal et al., 2008; Bartholomew et al., 2010 Bartholomew et al., , 2011 Schoof, 2010; Sundal et al., 2011] . If meltwater discharge is steady, water pressure drops in the channels and water flows to the adjacent inefficient drainage system, increasing ice bed contact and resulting in the slowing of ice flow. For locations that have daily variations in meltwater discharge, the drainage system tunes to average conditions. During the increase of melt in the daytime, flooding causes high pressures in channels that leak water to an adjacent subglacial system. During nighttime, meltwater sources diminish and the water system drains. The net effect of the daily variations in pressure is similar to the steady case because regions of distributed high pressure are not persistent and coupling between ice and bed increases.
Variations in the flow paths are governed by the hydraulic potential with the ice surface driving flow with a much smaller component dependent on bed topography [Shreve, 1972] . Hydraulic potential analyses have shown that subglacial pathways have the potential to reroute in response to modest changes in surface elevation [Wright et al., 2008; Karlsson and Dahl-Jensen, 2015] . In Antarctica, competition of subglacial water between glacier catchments or water piracy has been thought to trigger the onset or shutdown of ice stream flow [Alley et al., 1994; Anandakrishnan and Alley, 1997; Vaughan et al., 2008; Carter et al., 2013] . Detailed studies of bed topography in Antarctica show that topography tends to aid in determining the direction of subglacial flow paths by adding structure to a relatively smooth ice surface [Wolovick et al., 2013] . Together, rerouting and water piracy can occur beneath Greenland because the catchments are not topographically constrained. This is in contrast to mountain glaciers where drainage is tightly constrained along valleys. Water piracy can impact ice flow by redistributing surface meltwater and regional water pressure [Lindbäck et al., 2015] .
Water flow beneath Greenland may reroute in response to the variations in water pressure [Cuffey and Paterson, 2010] . Here we examine whether subglacial flow paths could be rerouted among three west Greenland outlet glaciers under different subglacial water pressure scenarios. Using radar-constrained topography and an analytical, steady state water flow model, we examine the sensitivity of rerouting of subglacial flow to changes in water pressures and identify critical topographic areas that control the sensitivity.
West Greenland Study Site
Our study region along the west coast of Greenland has a subglacial hydrological system that changes rapidly with highly variable and episodic surface meltwater input Joughin et al., 2008 Joughin et al., , 2013 ( Figure 1 ). This region, located to the south of the fast-flowing Jakobshavn Isbrae (>1000 m yr À1 ), drains three slower moving marine terminating glaciers with average velocities of 100 to 200 m yr À1 : Alángordliup sermia, Sarqardliup sermia, and Nordenskiöld Gletscher (hereinafter referred as Alángordliup, Sarqardliup, and Nordenskiöld). Previous studies by Joughin et al. [2008] and Das et al. [2008] examined the influence of supraglacial lake drainage on ice flow velocities. GPS instruments installed around two supraglacial lakes (white triangles in Figure 1 ) showed fast (<2 h) drainages of lakes to the base of the ice sheet caused accelerated ice flow 100 times the background velocity . Using 24 day repeated synthetic aperture radar (SAR) data, Joughin et al. [2008] found that the localized accelerated ice motion was short lived, and the net annual speedup was spatially uniform across the region. The spatial uniform speedup was interpreted as the presence of a well-connected subglacial hydrological system dispersed the localized changes in water pressure uniformly across the region [Tedstone et al., 2014] . However, using the more frequently sampled (~11 days) TerraSAR-X (TSX) observation, Joughin et al. [2013] found a greater spatial heterogeneity in the peak summer velocity speedup from two melt seasons. In June 2009, the greatest speedup was concentrated in the upstream region of Sarqardliup and Alángordliup above 30 km from the ice sheet margin (Figure 1b) . The downstream 30 km region experienced <40% summer velocity speedup from the winter velocity. In contrast, the greatest summer speedup occurred in July 2010 was more spatially extensive ( Figure 1b) . The downstream 30 km regions of Alángordliup and Sarqardliup experienced greater speedup (>80% of the winter velocity). The spatially heterogeneous ice flow speedup pattern suggests a more spatially and temporally variable hydraulic interaction between the different regions of the subglacial hydrological system. In this paper, we examine the relationship between the potential routing of subglacial water and the interannual variations in the spatial pattern of ice flow velocity between 2009 and 2010.
Data
The configuration of surface and bed topography largely controls the direction of subglacial water flow [e.g., Shreve, 1972] . For the study region, Joughin et al. [2013] noted that bed topography needs to be better constrained to understand the interaction between subglacial hydrology and ice flow. Using the highresolution ice thickness data collected by Lamont-Doherty and data from the Center for Remote Sensing of Ice Sheets of University of Kansas (CReSIS), we reconstruct a new bed elevation map to examine the influence of topography on subglacial water routing. Bed elevations are calculated by subtracting the ice thickness data from a digital elevation model (DEM) of ice surface. Surface elevation is from the 30 m resolution DEM of Greenland Ice Mapping Project (GIMP) that combines ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer), SPOT-5 (Système Pour I'Observation de la Terre), and AVHRR (Advanced Very High Resolution Radiometer) photoclinometry [Howat et al., 2014] .
Lamont-Doherty Survey
Ice-penetrating radar data for Sarqardliup and Alángordliup were collected using a Twin Otter aircraft in June 2008. The survey (~533 line kilometers) comprises 10 northeast-southwest trending lines spaced~2.5 km apart, intersected by two along flow lines spaced~10 km apart (black lines in Figure 2 ). The radar system, developed collaboratively with CReSIS, has a 150 MHz center pulse, a bandwidth of 10 MHz, and a transmit power of 2 kW. The system uses both a 3 μs low-gain signal and a 10 μs high-gain signal [Gogineni et al., 2001; Jezek et al., 2006] . The pulse repetition interval is 100 μs, and depending on the flight, velocity typically samples the ice at less than 2 m intervals in the along-track direction. The radar footprint is approximately [Joughin et al., 2013] . These dates are chosen to show the maximum spatial extent of the summer speedup for each year.
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1 km in the cross-track direction. The low-gain and high-gain channels are combined and migrated using a 1-D synthetic aperture radar (SAR) algorithm to produce radar echograms [Hélière et al., 2007] . The ice thickness is picked using a hybrid manual-automatic system along the sharpest vertical gradient of the radar signal [Wolovick et al., 2013] . A crossover analysis of the Lamont-Doherty thickness data gives a mean instrumental error of ±14 m (N = 20) (Figure 3a ).
CReSIS Survey
The majority of the ice thickness data in this study were acquired by CReSIS (https://data.cresis.ku.edu/data/ rds/) [Gogineni et al., 2001] . We use the radar-sounding data collected by a series of instruments from 1999 to 2013 to compile the new ice thickness data set (grey lines in Figure [Gogineni et al., 2001] . The actual accuracy of the data varies with location and the quality of the radar picks. The primary error sources are system electronic noise, multiple reflections, and off-nadir scattering from the presence of crevasses, water, and rock outcrops. Other error sources include the uncertainties in the correction for firn depth and in the dielectric properties of ice. A crossover analysis of the CReSIS data yields a mean instrument error in thickness of ±42 m (N = 10,945) for the study region (Figure 3b ).
Methods
Interpolation of Topography
The Lamont-Doherty and CReSIS ice thickness data are interpolated to a regular grid using ordinary kriging [Deutsch and Journel, 1997] . Ordinary kriging estimates thickness H(x, y) at a given location using nearby measurements, H i , with a discrete spatial weighting function, λ i (x, y) assigned according to the elevation covariance, so that
with n representing the nearest 100 measurements within a radius of 50 km. Ordinary kriging assumes that the mean of the data points is unknown but constant and requires the weights to sum to 1,
The weights are calculated to minimize the variance of the estimation error. The spatial covariance of the measurements is derived from an exponential semivariogram model. We find a best fit between the model and measurements with a variogram of a sill of 24 km, a range of 1.5 km, and a nugget of 35 m. The sill represents the variance of the ice thickness measurements. The range represents the distance limit beyond which the ice thickness data are no longer correlated. The nugget was given by the mean measurement errors of the Lamont and CReSIS data. The thickness data are interpolated to a regular Cartesian grid with 500 m spacing. Bed elevation is derived by subtracting the ice thickness grid from the GIMP ice surface DEM [Howat et al., 2014] .
Error Analysis
A reliable estimate of the error in the DEMs is crucial to assess the uncertainty in the subglacial hydrological potential. The two primary sources of error are from the ice thickness observations and the interpolation error. Observation errors are constrained by a crossover analysis of the ice thickness data set that includes both the Lamont-Doherty and CReSIS thickness described previously. A total of 10,965 crossover differences are calculated, and the mean observation error in thickness is 31 m. The histograms of thickness crossover differences from the two campaigns are shown in Figures 3a and 3b . The GIMP ice surface DEM contributes ±10 m of uncertainty.
The interpolation error in the ice thickness DEM depends on point density of the observations and variability of the measured ice thickness. We estimate this uncertainty using a standard statistical error analysis, bootstrapping [Cressie, 1993; den Hertog et al., 2006; Bamber et al., 2013] . We calculate the interpolation error by removing an observation from the data set and using the remaining data to interpolate the value at the observation location. Using the known observation value at this location, the interpolation error is represented by the difference between the interpolated and observed values. The observation is then returned into the data set, and the process is repeated for all of the 5,427,487 observations to obtain a mean interpolation error at individual locations shown in map view in Figure 3c .
Interpolation errors at points far from the data lines dominate the uncertainty in the bed. smaller with an averaged error of 20 m because of the dense data coverage provided by the 2.5 km spaced Lamont tracks and the~10 km spaced CReSIS tracks. Thus, the influence of the error in DEMs on the subglacial water flow paths should be smaller in the regions near Sarqardliup and Alángordliup relative to Nordenskiöld. The impact of error in DEMs on water flow is examined in section 4.3.
Subglacial Flow Path and Catchment Delineation
To examine how the predicted routing of subglacial water flow responds to a change in the regional water pressure, we use the gridded topography product with a subglacial water flow model to calculate flow paths and catchment areas for a range of pressure values. The water flow model follows a Darcian-type formulation where water flux, Q, flows down the hydraulic potential gradient, ∇ϕ, according to
where k is the hydraulic conductivity of the subglacial hydrological system. Similar hydraulic potential analysis has been applied in Greenland [Lewis and Smith, 2009; Banwell et al., 2013; Livingstone et al., 2013; Karlsson and Dahl-Jensen, 2015] and Antarctica [Wright et al., 2008; Wolovick et al., 2013; Creyts et al., 2014] to estimate subglacial drainage flow paths. Following the Shreve [1972] formulation, ∇ϕ is calculated from
where ρ w is the density of water, g is gravitational acceleration, z b is the elevation of the bed, P w is water pressure, P i is ice overburden pressure, and N is effective pressure defined as the difference between ice overburden pressure and water pressure N = P i À P w . The effective pressure gives a measure of how the water system is pressurized relative to ice overburden. We continue to simplify equation (4) by introducing the ice thickness as the difference in ice surface elevation and bed elevations:
Following earlier studies [e.g., Willis et al., 2012; Banwell et al., 2013] , we use the simplification of Shreve [1972] to group effective pressure into the ice overburden pressure using a prefactor f, called the flotation fraction on the water pressure P w = fP i ,
so that
Formally defined, f is the ratio of water pressure to ice overburden pressure, f = P w /P i . In this case, f < 1 indicates that the water pressure is below the ice overburden pressure, f = 1 indicates that the water pressure is at the ice overburden pressure, and f > 1 means that water pressure is above the ice overburden pressure. A natural lower boundary for the pressures is limited by atmospheric pressure (f = 0). The other natural condition is slightly overpressured (f = 1.11) based on the difference of the densities of water and ice where a crevasse or moulins could be filled to the ice sheet surface and effective pressures would be modestly negative.
The final form of the hydraulic gradient is
with ρ w = 1000 kg m À3 , ρ i = 917 kg m
À3
, and g = 9.8 m s
À2
.
We calculate the hydraulic potential surfaces for a range of flotation fraction values defined by these natural boundaries. Similar to a previous study by Flowers and Clarke [1999] , we run a D∞ routing algorithm [Tarboton, 1997] on the hydraulic potential surfaces to calculate water flow paths and delineate catchment area. We estimate subglacial flow paths assuming that the flotation fraction value varies between the limits of 0.6 to 1.11 to examine the sensitivity of flow paths to changes in water pressure. The flotation limit is selected based on the observations of the evolution of subglacial water pressures in southwest Greenland [Meierbachtol et al., 2013; Andrews et al., 2014] and in alpine glacier environments [Iken and Bindschadler, 1986; Iken and Truffer, 1997; Sugiyama and Gudmundsson, 2004; Harper et al., 2005; Fudge et al., 2009] . While alpine glaciers may not be a perfect analog to Greenland [Hoffman et al., 2011] , they provide annual records of subglacial water pressure that are currently absent for Greenland.
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The range of flotation fraction values represents a modest spectrum from relatively low water pressure where the subglacial system likely channelizes to an overpressured state where water would distribute across the bed. Exact morphological transitions are absent from our study because they would require the use of more sophisticated models [Creyts and Schoof, 2009; Pimentel and Flowers, 2010; Schoof, 2010; Hewitt, 2013; Werder et al., 2013] . 
Results
Flow Paths Change With Water Pressure Conditions
Our results show how subglacial flow paths are rerouted when a moderate change in the flotation fraction is applied uniformly across the study region. The response of individual pathway varies from minor adjustments to the flow tributaries within the ice catchment to a major rerouting that causes piracy between neighboring glaciers. For our study region, we find that when the flotation fraction varies from 0.6 to 1.0, a minor adjustment occurs in the small hydrologic tributaries (Figure 4) . However, when the catchment is overpressured to a flotation fraction of 1.11, major rerouting of water pathways occur and piracy between neighboring catchments ensures ( Figure 5 ).
For f = 0.6 to 1.0, Nordenskiöld receives the majority of the subglacial water draining from the upstream catchment farther than 60 km from the ice sheet margin (Figures 4a to 4c) . In contrast, Sarqardliup and Alángordliup have confined subglacial catchment areas that receive water mainly from the downstream regions within 30 km from their termini. Subglacial water that drains from the upstream regions is diverted away by the adverse slope along the bed that aligns parallel to the coast to roughly 30 km from the glacier termini (Figure 5a ). Instead of draining through the downstream regions of Sarqardliup and Alángordliup, this upstream water is transported toward Nordenskiöld along the subglacial overdeepening (A in Figure 2b ). 
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This configuration of subglacial flow paths contrasts sharply when water is overpressured and the flotation fraction is set to 1.11 (Figure 4d ). At 111% of the overburden pressure, drainage pathways that previously flow along the overdeepening are rerouted to flow across the adverse-sloped bed (Figure 5b ). Water is pirated from Nordenskiöld to the downstream catchment of Alángordliup. If no water is stored at the bed, this rerouting could lead to a~30% increase in drainage discharge into the fjord of Alángordliup. While we do not expect flotation conditions to exist everywhere across the catchment, our results indicate that localized pressure in excess overburden at critical locations can cause rerouting of subglacial water (see section S3 in the supporting information). In particular, if moulins or fractures drain surface water at or upstream of these locations, we anticipate that subglacial flow paths could be rerouted up and out of the overdeepening.
Flow Dependence on Topography
The configurations of subglacial water flow paths are strongly dependent on topography [Shreve, 1972] . Rerouting of water flow occurs when the relative dependence on surface and bed topography is modified with changes in water pressure. When water pressure reaches flotation, equation (5) shows that the ice surface slopes are 11 times more important than bed slopes in steering flow. If the system reaches overpressure at f = 1.11, surface slopes dominate the water flow direction. However, the dependence of subglacial flow on surface slope reduces with lower water pressures, and bed slopes show a greater influence on the water flow direction. At f = 0.8, for example, bed slopes that are 2.7 times the surface slopes have equal influence on flow paths direction. At f = 0.6, bed slopes that exceed 1.2 times the surface slopes dominate flow direction, and the hydraulic potential surface closely mimics the variations in bed topography ( Figure 6 ). As the water pressure drops below these thresholds, we expect subglacial flow paths to reroute as surface or bed topography becomes more important to flow direction. In the case of our study region, the water system is predicted to overcome the bed topography as the subglacial system reaches overpressure. The pressure threshold where surface slope dominates water routing varies across the catchment and depends on the local ratio of surface and bed slopes.
Because the dependence of water flow on topography changes with the flotation fraction, we find that the regions where major rerouting occurs are near subglacial overdeepenings, locations of local closed depressions with bed slopes reversed with respect to the surface slopes. An example is the overdeepening beneath Nordenskiöld and Sarqardliup at~30-50 km from the ice sheet terminus (A in Figure 2b) . A similar but less significant rerouting occurs in the adverse-sloped bed at~10 km from the terminus where subglacial flow paths are predicted to reroute between Sarqardliup and Alángordliup (black diamonds in Figure 5b ). 
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Another reason that subglacial rerouting is more likely to occur in overdeepened areas is that the adverse-sloped bed flattens the gradient of hydraulic potential across the region [Creyts et al., , 2014 . A flatter potential gradient surface is more prone to changes for a smaller perturbation in the water pressure [Cook and Swift, 2012; Creyts et al., 2013] . Overdeepenings also tend to be regions that have water pressures close to or slightly above flotation [Hooke and Pohjola, 1994; Lawson et al., 1998 ]. An addition of surface water such as from a supraglacial lake drainage event could elevate pressures farther. In the melt season when lake drainage events occur, overdeepenings may frequently reach superflotation pressures that could potentially cause water piracy between Nordenskiöld and Alángordliup. This piracy between the two catchments would depend on the timing of lake drainages as well as the seasonal development of the subglacial hydrological system. Because overdeepenings tend to have flatter ice surface slopes [Gudmundsson, 2003; Cook and Swift, 2012] , supraglacial lakes form preferentially near these regions where the subglacial system is sensitive to rerouting [Echelmeyer et al., 1991; Sergienko, 2013] . The supraglacial lake studied by Das et al. [2008] (North Lake) is located at~5 km upstream from the subglacial overdeepening where rerouting between Nordenskiöld and Alángordliup is predicted to occur at pressures in excess of flotation (Figure 6 ). If the drainage of this lake causes the subglacial water pressure to exceed flotation, then our findings predict that the meltwater would be transported to Alángordliup. In contrast, if the drainage occurs when pressure is below flotation, then the water would instead be delivered to Nordenskiöld (Figure 7) . We suggest that therefore, the rapid supply of surface meltwater to an underdeveloped subglacial drainage system may trigger the catchment-scale rerouting of subglacial water pathways.
Influence of Error in DEMs on Flow Paths
Because relatively small changes in water pressure may result in the rerouting of subglacial flow, small errors in the DEMs may also have the same effect on the modeled flow paths. We expand the hydraulic potential equation (5) to examine the perturbation in hydraulic head due to the errors in the surface and bed DEMs, as well as the possible effects of density variation in the ice column following Creyts et al. [2014] (see supporting information section S2). The perturbation analysis shows that the error in the DEMs contributes to 24 m of uncertainty in the hydraulic head averaged over the entire study region. This 24 m is equivalent to a 2.5% change in flotation fraction and represents the minimum resolution of the DEMs. Because of the high data density in the regions of subglacial rerouting, the uncertainty in these locations is smaller (13 m) than the average value over the study area. An increase of flotation fraction from f = 1.0 to f = 1.11 would result in a 98 m change in hydraulic head averaged across the study region. Therefore, the predicted rerouting of water flow between Nordenskiöld and Alángordliup is not a byproduct of the errors in the DEMs.
Discussion
Potential Impact on Seasonal Ice Velocity
While the pattern of surface meltwater delivery has recently been suggested to change ice flow velocity [Bartholomew et al., 2010; Colgan et al., 2011; Hoffman et al., 2011; Palmer et al., 2011] , our results suggest that if water is delivered to critical areas of the bed, rerouting of drainage pathways can cause glaciers to respond differently to the same meltwater input. We investigate the impact of water rerouting on the glaciers transient response to melt by examining two snapshots of the summer ice motion from 16 July 2009 and 19 June 2010 (Figures 1b and 1c) . These two snapshots represent the periods of greatest summer speedup measured that year. The velocity snapshots illustrate that the spatial pattern of the transient speedup varies substantially from year to year [Joughin et al., 2013] (Figures 1b and 1c) . When the subglacial water flow paths are overlain on these velocities, a qualitative spatial correlation between the velocity and drainage pathways emerges. This correlation suggests that the intraannual difference in the speedups pattern may be related to water piracy between Nordenskiöld and Alángordliup.
The 2009 summer velocity snapshot shows that the regions of greatest speedup (>100% of winter velocity) occur principally in the subglacial overdeepening in the upper catchment (Figure 6a ). In contrast, the downstream region experiences a lower flow speedup of <40% of the winter velocity. The sharp transition of the flow speedup roughly aligns with an area near the adverse-sloped bed near the subglacial overdeepening. This general spatial pattern of the 2009 summer speedup shows strong similarity to the configuration of the subglacial drainage pathways at or near the ice overburden pressure (f = 0.8 and 1.0). The transition of the flow speedup coincides with the divergence of the Alángordliup subglacial water flow paths toward Nordenskiöld.
In contrast to the 2009 observations, the 2010 summer velocity snapshot shows that the regions of greatest summer speedup expand across the adverse-sloped bed farther downglacier (Figure 6b ). The similarity between the spatial speedup pattern and the inferred drainage pathways when water pressure is excess of overburden (f = 1.11) suggests that the subglacial system is likely highly pressurized at this time. The 2010 melt season was anomalously warm and had higher surface melting in the ablation zone than in the melt season of 2009 [Mernild et al., 2011; Tedesco et al., 2011] , so that an overpressured subglacial system could be responsible for this early and extensive transient speedup. Landsat imagery from around the time of greatest speed up reveals that many supraglacial lakes developed in late June 2010, approximately 2 weeks earlier than in 2009. The rapid supply of meltwater from supraglacial lake drainage events to the subglacial hydrologic system could have resulted in localized pressures above flotation. If such overpressurization occurs near the overdeepening, our results predict that it would lead to water piracy from Nordenskiöld to Alángordliup. The increase of subglacial water to Alángordliup may reduce the basal resistance in the downstream region and contribute to the transient summer speedup in the downstream region of Alángordliup observed in the 2010 velocity snapshot.
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Because the three outlet glaciers are marine terminating, ocean-related forcing such as retreat of the grounding lines could potentially impact the glaciers surface velocity. When icebergs calve, the loss of resisting force may potentially trigger a surface velocity speedup of the inland ice [Vieli and Nick, 2011; Joughin et al., 2012; Podrasky et al., 2012] . The force perturbation from the grounding lines should be greatest at the ice sheet margin and decays with distance upglacier [Cuffey and Paterson, 2010] . However, the velocity in 2010 shows the opposite speedup variation at Alángordliup and Sarqardliup with lower speedup closer to the calving front than the upstream ice. Also, much of the differences in the transient summer speedups between 2009 and 2010 occurred in the interior of the ablation zone (>30 km from the ice termini) where the force perturbation related to grounding line changes may have decayed significantly. It is therefore more likely that the transient summer speedup in 2010 is associated with the reduction of basal resistance from hydrological changes at the bed coincident with a greater surface melt year. The net effect of these transient speedups on the annual ice motion is likely small [e.g., Joughin et al., 2008; Tedstone et al., 2015] . Nonetheless, our study indicate that the sensitivity for the Greenland ice sheet to subglacial water piracy means that the spatial distribution of the transient summer speedups can vary substantially from year to year depending on the subglacial hydrologic configuration.
Potential Impact on Water Budget Assessments
Water piracy between neighboring subglacial catchments also changes the hydrographic assessments of water budget for individual glaciers. Point measurements of hydrographs at proglacial rivers as well as salt and temperature budgets at fjord outlets have been used to infer the configurations of subglacial hydrologic system and their relationship with changes in ice velocity [Mernild et al., 2011; Chandler et al., 2013; Cowton et al., 2013; Hasholt et al., 2013] Changes in hydrograph shape and amplitude are often interpreted as a transition in the subglacial hydrologic system [e.g., Swift et al., 2005; Jobard and Dzikowski, 2006] . Most discharge budget analyses assume that the meltwater is confined within the ice catchment directly upstream of the sampling sites. While this assumption is realistic for small topographically constrained alpine catchments, our study suggests that the same assumption is not always valid for Greenland catchments where glaciers are less topographically constrained and have lower hydraulic gradients. Greenland-type glaciers are more likely to undergo water piracy between catchments than alpine-type glaciers [Lindbäck et al., 2015] . The tendency for Greenland glaciers to experience subglacial water rerouting means that the imbalance in the discharge budget analyses could imply changes in water transport in addition to changes in water storage [Rennermalm et al., 2012; Lindbäck et al., 2015; Smith et al., 2015] . Our findings suggest that both extents of the supraglacial catchments and the subglacial catchment are necessary to understand how discharge budgets reflect the water sources. In addition, detail measurements of subglacial topography and estimates of water pressure are necessary to determine the subglacial pathways for a catchment.
Conclusions
Our results show that changes in water pressure can potentially result in rerouting of subglacial flow between adjacent glaciers. By incrementing water pressure from 60 to 111% of the ice overburden pressure, we show that small changes in flotation fraction from 1.0 to 1.11 occur at critical locations at the bed can result in major subglacial flow rerouting. An increase of water pressure above flotation from f = 1.0 to 1.11 can potentially divert subglacial water flow between Nordenskiöld and Alángordliup. The diversion of subglacial water appears to correlate with the transient summer speedup in the high melt year of 2010 where water would create additional lubrication at the ice bed interface.
Subglacial flow paths are sensitive to the water pressure condition because it modifies the dependence of flow on topography. Water pressures in excess of the overburden pressure tend to drive flow in the direction of surface slope. In contrast, low pressures tend to steer water flow along bed slopes. The sensitivity of subglacial flow to variations in water pressure is not uniform across the ice catchment. Flow paths are more likely to reroute in regions where subtle changes in pressure impact a near-flat hydraulic potential surface. This difference is particularly important where bed slope is significant and adverse to the surface slopes, such as in areas of subglacial overdeepening where surface slopes tend to be subdued. In these adverse-sloped bed regions, water flow can periodically be rerouted between predominately bed slope and surface slopedependent pathways when water pressure fluctuates. We predict that in our study region, subglacial flow reroutes from bed slope-directed flow toward Nordenskiöld to surface slope-directed flow toward
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Alángordliup when water pressure increases above the local flotation pressure. Localized supply of meltwater from the ice surface, for example, through episodic and rapid supraglacial lake drainages could lead to the rerouting of subglacial flow in critical areas by increasing the water pressure locally. We suggest that catchment-scale rerouting of subglacial water may modify the spatial pattern of basal resistance. This change in resistance could lead to a more spatially extensive or restricted summer velocity speedup depending on the local effects on drainage. The surface velocity observation from 2010 summer provides potential support that the more extensive velocity speedup in the lower 30 km region of Alángordliup is a result of the rerouting of subglacial water from Nordenskiöld to Alángordliup.
Additionally, the rerouting of subglacial water flow has implications on the assessment of glacier water budgets. Piracy of water between neighboring subglacial water catchments can result in an imbalance between the local measurements of input surface runoff and output discharge at the ice sheet margin. In sum, our study demonstrates that the configuration of subglacial water flow paths beneath Greenland can evolve over time and is particularly sensitive to water pressure and its interaction with topography. Because our calculations assume steady state and uniform water input, we suggest that further investigations using dynamic models are needed to better assess the effects of topography and the critical locations for water rerouting relative to surface drainage in the Greenland ice sheet.
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